The distribution of Tn5271-related DNA sequences in samples of groundwater and a groundwater bioremediation system at the Hyde Park (Niagara Falls, N.Y.) chemical landfill site was investigated. PCR amplification of target sequences within the cba genes of Tn5271 revealed similar sequences in the groundwater community and in samples from the sequencing batch reactors treating that groundwater. Cell dilution combined with PCR amplification indicated that cba sequences were carried in about 1 of 10 culturable bacteria from the treatment system. Characterization of isolates involved in chlorobenzoate and toluene biodegradation in the treatment system indicated that two phenotypic clusters, Alcaligenes faecalis type 2 and CDC group IVC-2, contained all of the Tn5271 probe-positive isolates from the community. These two groups differed phenotypically from recipient groups isolated following horizontal transfer of pBRC60 (Tn5271) in pristine freshwater microcosms. A genetic rearrangement in Tn5271 attributable to the intramolecular transposition of the flanking element IS1071R was detected in an isolate from the treatment system. Comparison of the structure of the intramolecular transposition derivative from groundwater isolate OCC13(pBRC13) with a laboratory-derived intramolecular transposition derivative of pBRC60 revealed similarities. The rearrangement was shown to increase the stability of the plasmid under starvation conditions.
combined with PCR amplification indicated that cba sequences were carried in about 1 of 10 culturable bacteria from the treatment system. Characterization of isolates involved in chlorobenzoate and toluene biodegradation in the treatment system indicated that two phenotypic clusters, Alcaligenes faecalis type 2 and CDC group IVC-2, contained all of the Tn5271 probe-positive isolates from the community. These two groups differed phenotypically from recipient groups isolated following horizontal transfer of pBRC60 (Tn5271) in pristine freshwater microcosms. A genetic rearrangement in Tn5271 attributable to the intramolecular transposition of the flanking element IS1071R was detected in an isolate from the treatment system. Comparison of the structure of the intramolecular transposition derivative from groundwater isolate OCC13(pBRC13) with a laboratory-derived intramolecular transposition derivative of pBRC60 revealed similarities. The rearrangement was shown to increase the stability of the plasmid under starvation conditions. Class I (insertion element [IS] family) and II (Tn3 family) transposable elements are most often associated with the worldwide spread of antibiotic resistance determinants in bacteria following the widespread use of antibiotics (8, 9) . However, strong selection for the assimilation of unusual carbon sources has also resulted in the mobilization of catabolic genes by these types of transposable elements. Class II (Tn3 family) elements are represented by toluenecatabolic transposon Tn4653 and the defective naphthalene element Tn4655 of Pseudomonas putida (27, 28) . Class I elements are also represented, including the composite transposon TnS280, which carries genes for chlorobenzene dioxygenase on P. putida plasmid pP51 (29) . The 2,4,5-Tcatabolic genes (chq) of P. cepacia are bracketed by copies of IS931 to form a putative composite transposon (10) . Biphenyl-degradative genes have recently been localized to a transposable 59-kb DNA element designated Tn4371 in Alcaligenes eutrophus AS (25) . We have reported the structure of an unusual composite transposon, TnS271, found on Alcaligenes sp. strain BR60 plasmid pBRC60 (17) . This transposon is flanked by copies of a class II element, designated IS1071, that carries a tnpA transposase gene but lacks resolution functions. The internal region of TnS271 carries cba genes that code for 3-chlorobenzoate-3,4-dioxygenase (18) .
All of the transposable elements described above were discovered in bacteria which had been subjected to intense selection in the laboratory for contaminant biodegradation. In every case, the starting materials for enrichment of these isolates were soils, sediments, or freshwater. The importance of these well-characterized transposons or related elements in situ, during bioremediation of groundwaters, industrial wastewaters, or contaminated soils, is largely unknown. There is no information on the frequency of transposition, the nature of transposition products, or the phenotypic consequences of transposition of elements like these in contaminated environments.
Naturally occurring and genetically engineered bacteria have been applied in laboratory scale studies of strain survival in activated-sludge systems (3, 15, 16) . Instability in the plasmid content or chlorobenzoate-catabolic activities of these strains was not observed. However, there is some direct evidence and a great deal of inferential evidence that genetic rearrangements are important during genetic adaptation. Krcckel and Focht have noted the rearrangement of DNA in plasmid pKFL2 of P. putida R5-3 during the adaptation of laboratory cocultures of R5-3 and P. alcaligenes C-0 to chlorobenzene degradation (14) . The chlorocatechol ortho ring fission genes of chlorobenzoate-degrading P. putida Pill, which are located on the chromosome, have been observed to be deleted from the chromosome and to be transposed to the indigenous 75-kb plasmid pPB111 of this strain (1) . The nature of the element carrying these genes is unknown. An estimate based on the amount of DNA acquired by plasmid pPB111 indicates a size of 55 kb.
Following the introduction of Alcaligenes sp. strain BR60(pBRC60 [Tn5271]) to freshwater microcosms exposed to 4-chloroaniline (not a substrate for strain BR60), plasmid transfer and selection of Tn5271 in alternate hosts was detected (7) . One isolate from these microcosms, Acidovorax delafieldii T6-11, was found to have one copy of IS1071, the insertion sequence flanking Tn5271, on a large plasmid unrelated to pBRC60 but had lost the cba genes associated with Tn5271. While several possible origins for the IS on this plasmid were discussed, the most likely origin involved IS1071-mediated cointegrate formation between pBRC60 and an existing plasmid in strain T6-11, followed by resolution of the cointegrate and loss of pBRC60. No phenotypic change could be assigned to the putative transposition event (7) . In this study, we determined the distribution of TnS271-like sequences in samples of groundwater from the Hyde Park landfill site and in a full-scale groundwater bioremediation system. We also characterized a representative Tn5271-like element from this site and found that a specific genetic rearrangement may increase the stability of TnS271 under certain conditions.
MATERIALS AND METHODS
Bacterial strains and sources of Hyde Park samples. Alcaligenes sp. strain BR60(pBRC60 [Tn5271] Cba+) was the source of the DNA probes and primer sequences used in this study (17, 18, 31 (19, 20) . BR60 and BR6024 were routinely maintained on medium A agar (30) containing 4 mM 3-chlorobenzoate, with a supplement of 0.1 mM tryptophan and 50 ,ug of chloramphenicol ml-1 for maintenance of BR6024. Escherichia coli JM109(pBRH2) and JM109(pBRH4) were maintained on TYE agar supplemented with 50 ,ug of ampicillin (Sigma Chemical Co.) ml-1 (17) . The reference strains used in the cluster analysis were Acinetobacter sp. strain DON2 (30), Alcaligenes sp. strain H850 (General Electric Co., Schenectady, N.Y.), and Comamonas acidovorans NR4 (5) . In addition, cultures representing four pBRC60 recipient groups isolated following the transfer of pBRC60 from Alcaligenes sp. strain BR60 to a natural freshwater community were used (6, 7) . These included the following isolates: PR117(pBRC60), a group 2 recipient; P. fluorescens PR24B (pBRC60), a group 3 recipient; T3-5(pBRC60), a group 5 recipient; and T6-11(pT611::IS1071), an A. delafieldii group 6 transposition derivative (7). (7) . Selection for growth on various defined carbon sources was carried out on minimal medium A agar (30) supplemented with 4 mM 2-, 3-, or 4-chlorobenzoate or in the presence of toluene-saturated air. Isolates from these plates were designated by the letters OCC followed by the isolate number. They were stored at -70°C in 10% glycerol.
Isolates were characterized by Gram staining, oxidase reaction, catalase reaction, and production of fluorescent pigments by established procedures (13, 24) . Selected isolates were grown on CPS agar for 18 h at 32°C and inoculated into GN Microplates (Biolog Inc., Hayward, Calif.) for rapid identification in accordance with the manufacturer's instructions. Microplate substrate utilization profiles were used to generate a matrix of Jaccard similarity indices for all strains, including reference strains and isolates from studies of pBRC60 transfer in a freshwater community (7) . A singlelinkage cluster analysis was performed on these indices (6) .
DNA isolation and restriction mapping. DNA for amplification was isolated from groundwater, SBR, and continuous-culture samples by boiling a 1-ml sample in the presence of 40 plasmid content by using the large-plasmid procedure described above, and the presence of pBRC60 or pBRC54 was determined by restriction digestion. The presence of pBRC60 or pBRC54 restriction fragment sizes (the latter having a unique 7.9-kb HindIII fragment) was determined for plasmids isolated from 10 colonies at each sampling time.
RESULTS
Detection of Tn5271 in groundwater and SBR. The target sequence within the cba operon of Tn5271 was detected in groundwater and SBR samples as shown in Fig. 1 . Probepositive amplifications were detected down to a cell dilution of 10-7 for an SBR2 sample (Fig. la) Phenotype dendrogram of isolates from the SBR2 continuous culture. Distances were calculated from Jaccard similarity coefficients based on reactions of isolates and reference strains in Biolog GN microplates. The scale shown is the dissimilarity coefficient (Dis. Coeff.), which is equal to (1 -Jaccard similarity coefficient) x 10. The 40 OCC isolates from the SBR2 culture are each designated by a number placed first. Where the number is followed by a name, the results of Biolog analysis yielded good or excellent species identification (Al., Alcaligenes; C., Comamonas; Ps., Pseudomonas; K., Klebsiella). Reference isolates included in the cluster analysis are indicated by a genus name followed by a strain number. Reference pBRC60 recipients from an earlier study of pBRC60 transfer in freshwater microcosms are indicated as follows: PR117(pBRC60), group 2 recipient; P. fluorescens PR24B(pBRC60), group 3 recipient; T3-5(pBRC60), group 5 recipient; T6-11(pT611::IS1071), A. delafieldii group 6 transposition derivative (6, 7). The columns of symbols for the positive (0), negative (0), and mutation-to-growth (m) categories represent the results of tests for the following: Pr, Tn5271 H2 fragment DNA probing; 2, 2-chlorobenzoate growth; 3, 3-chlorobenzoate growth; 4, 4-chlorobenzoate growth; T, toluene growth; 4, plasmids of ca. 88 kb similar to pBRC60; <, plasmid pT611::IS1071 (7). The numbers next to the arrowheads in the last column indicate recipient groups for the reference isolates (7). Absence of a symbol indicates that the test was not done. ysis on the basis of their Jaccard similarity indices (Fig. 2) . Reference strains and isolates from previous studies of horizontal transfer of pBRC60 in a lake ecosystem were included in the analysis. The results show that the culturable SBR2-derived bacteria form three major clusters along with several outliers. All isolates were probed for the presence of sequences similar to that of TnS271 by using the H2 fragment for colony hybridizations (Fig. 2, column (Fig. 2, column 4) . No isolates that grew on all three chlorobenzoate isomers were recovered in this screening. Isolate OCC39 (P. pickettii), and isolates OCC22 and OCC27 (unidentified) grew on 2-chlorobenzoate alone (Fig. 2, column 2 ) but did not hybridize to the TnS271 probe. The toluene-degrading fluorescent pseudomonads (Fig. 2 , column T) did not hybridize with the Tn5271 probe.
Cluster analysis showed that the industrial isolates differed phenotypically from the isolates that were the dominant recipients of pBRC60 in freshwater microcosms (reference strains numbered 2, 3, 5, and 6 in the last column of Fig.  2) (6, 7) . In all cases, the freshwater isolates were separated in the cluster analysis by a dissimilarity coefficient of between 6 and 7 from the SBR2 isolates that probed positive to Tn5271 (Fig. 2) .
Characterization of putative intramolecular transposition derivatives. Plasmid extraction of TnS271 probe-positive isolate OCC13 (CDC group IVC-2) from the SBR2 community revealed a plasmid of approximately 90 kb. Restriction digestion with HindIII revealed all of the fragment sizes found in a pBRC60 HindIII digest plus an additional 8.7-kb fragment (data not shown). The plasmid was designated pBRC13. Digestion with EcoRI and Sall revealed novel fragment sizes of 1.9 and 2.6 kb, respectively. In addition, restriction digestion with enzymes that do not cut within the IS1071 element, followed by hybridization of the digest fragments to the H4 fragment of pBRC60 (from within the IS element), revealed the presence of three copies of IS1071 on the plasmid, as opposed to the usual two copies on pBRC60 (data not shown). Plasmid pBRC13 was mapped in the vicinity of Tn5271 by using several restriction enzymes combined with probe hybridizations. The results are shown in Fig. 3c .
This structure was closely related to a novel pBRC60 (TnS271) derivative in Alcaligenes sp. strain BR6024 that had been isolated several months previously in unrelated experimental work (19, 20) . This strain had been recovered following a series of transfers on a complex medium without selection for the cba genes. Characterization of the plasmids in surviving chlorobenzoate-degrading strains from this experiment showed the presence of a plasmid designated e. pNRCNO IT, 5271) NH pBRC54 that contained a novel 7.9-kb HindIII digestion fragment. Digestion with EcoRI and SalI revealed novel 2.9-and 1.65-kb digestion fragments in comparison with pBRC60 digests. Plasmid pBRC54 was mapped in the vicinity of TnS271 by using several restriction enzymes combined with probe hybridizations, and the results are shown in Fig. 3b . Both plasmids pBRC54 and pBRC13 exhibited rearrangements that involved insertion of a new copy of IS1071 in an inverted orientation relative to the two copies found flanking TnS271 in pBRC60. In addition, the DNA between the IS1071R element and the new copy of IS1071 was inverted relative to pBRC60 in both derivatives.
Stability of the native plasmid and a putative intramolecular transposition derivative. The stability of pBRC60 (Tn5271) and its putative intramolecular transposition derivative pBRC54 [TnS271::IS1071(i)] was tested by conjugating these plasmids into isogenic hosts. Isolate OCC23 was used as the host for these plasmids because it is representative of an important group of isolates from the SBR (CDC group IVC-2, Fig. 2 ) and because it lacks large plasmids. This isolate was probe positive for the H2 fragment of TnS271; however, it failed to grow on chlorobenzoates (Fig. 2) . Total genomic DNA isolation and NheI digestion, followed by H2 probing, revealed a 3.2-kb sequence identical in size to the NheI fragment of IS1071 but no hybridizing fragment of 10.6 kb indicative of the TnS271 internal region (data not shown). This isolate therefore contains IS1071 in its genome but lacks the cba catabolic genes of TnS271.
OCC23 transconjugants carrying pBRC60 or pBRC54 were isolated on 3-chlorobenzoate minimal medium at frequencies of 1.1 x 10-1 and 2.4 x 10-1 per recipient, respectively. Restriction digests with the H2 probe showed that the transconjugants both carried their respective plasmids unchanged in structure. Both transconjugants were unstable, like the parent strains, with loss of the cba genes occurring at frequencies of approximately 10-3 cell-' generation-(data not shown).
The growth of both OCC23(pBRC60) and OCC23 (pBRC54) on starvation medium reached maximum densities of between 7 x 105 and 9 x 105 CFU ml-1 after 2 days, after which cell numbers declined to between 3 (5) . However, because a whole-plasmid probe was used, the results could be interpreted as an increased incidence of IncP,B plasmids similar to pBRC60 in the samples.
This study determined the distribution of TnS271-like sequences in an operating treatment system developed for bioremediation of groundwater contaminants. We found that PCR amplification products from samples of the groundwater and two of the SBR at Hyde Park were the expected length (1.1 kb) and hybridized under stringent conditions to cba gene probes. The DNA primers used for amplification were located entirely within the coding region for the cba catabolic genes; therefore, we rule out the possibility that these were nonspecific amplification products unrelated to the cba catabolic genes. Nonspecific amplification products were observed in all of the samples, especially SBR1 and SBR2, and we attribute these to false priming sites in the complex mixture of DNA recovered from the bioremediation reactors.
The cell dilution-PCR amplification experiments revealed that an SBR2 community actively degrading a mixture of chlorinated and nonchlorinated aromatic contaminants contained TnS271-like sequences in approximately 1 of 10 culturable bacteria. This result indicates that the metabolic pathway encoded by the cba genes of Tn5271 is important in the overall conversion of chlorobenzoates to biomass, Clion, C02, and H20 in the bioremediation system at Hyde Park. The cba-encoded catabolic pathway proceeds through protocatechuate or chloroprotocatechuate intermediates that are subsequently degraded by meta-ring fission enzymes (18) . This pathway is quite different from the chlorocatechol ortho-ring fission (clc) pathway expressed in most fluorescent pseudomonads and A. eutrophus strains (4). The significance of this difference in terms of the overall operation of the bioremediation system is unknown. It is conceivable that clc-and cba-like genetic systems coexist in the groundwater and SBR at the site, in which case it would be interesting to know how the substrate is partitioned and how the host bacteria that express these alternative pathways occupy the same niche. We do not know the operating conditions that select for the growth of bacteria which carry alternative metabolic pathways for the same contaminants.
The phenotypic characterization of isolates from the SBR2 continuous culture revealed some important properties of the community as a whole. For example, isolates capable of degrading 2-chlorobenzoate did not degrade other isomers. These findings support previous work showing that isolates capable of degrading ortho-substituted aromatics like 2-chlorobenzoate usually cannot degrade meta-or para-substituted substrates (26) . An exception to this was recently reported in P. aeruginosa JB2, which apparently carries two alternative chlorobenzoate-1,2-dioxygenases (11). In our cluster analysis of the SBR2 community, 2-chlorobenzoate degraders were phenotypically diverse and distinct from the two clusters of 3-and 4-chlorobenzoate degraders.
The data for the structure of the SBR2 community also support the general finding that metabolism of chloro-substituted aromatics and that of methyl-substituted aromatics are mutually exclusive unless specific criteria for substituent positioning are met (12, 22 (17) . Typically, after seven transfers in a medium lacking chlorobenzoate, less than 1% of the cells retain the 3-chlorobenzoate growth phenotype (20) . A screen of these surviving 3-chlorobenzoate degraders has revealed chromosomal recombinants of Tn5271 (20) and also strains showing pBRC60 rearrangements (19) . One of the latter strains was found to carry an intramolecular transposition-inversion of one of the IS1071 elements flanking TnS271 (Fig. 3b) . Intramolecular transposition and inversion of the DNA between the transposing element and the target site is a property of class II (Tn3 family) transposons (23 (17) .
The reason for improved stability of the pBRC54 cba genes relative to pBRC60 is unknown. As far as we can detect, these plasmids are identical except for the intramolecular transposition-inversion in pBRC54. One hypothesis is that the additional copy of IS1071 on pBRC54 provides an additional region of homology for the formation of a secondary structure. An inverted repeat of IS1071 only 4.2 kb away from TnS271 may disrupt the recombination complex and lower the frequency of deletion of the catabolic genes. This would explain why a plasmid with the structure of pBRC54 was isolated after many transfers of Alcaligenes sp. strain BR60 in the absence of selection for chlorobenzoate degradation (19, 20) . Alternatively, there may be some function encoded within the intramolecular transposition target site, or within the inverted region, that is disrupted or altered as a result of transposition. We have recently mapped the plasmid replication origin (oriV) of pBRC60 just to the right side of Tn5271, near the target site for intramolecular transposition (2) . The function of oriV may be affected by the rearrangements in pBRC54 and pBRC13 relative to pBRC60, altering the stability of the plasmid. We are currently investigating the precise location of onV in both pBRC60 and the intramolecular transposition derivatives described here.
Direct comparisons between the stability of pBRC13 from CDC group IVC-2 strain OCC13 and the stability of pBRC54, which it resembles, could not be done. The reason is that pBRC13 was an independent isolate from the SBR2 community and therefore most probably contains many nucleotide sequence differences from either pBRC54 or pBRC60. Differences were not detected at the restriction enzyme level, except in the region of the IS1071 inversion; however, comparison of the stabilities of these plasmids would not be useful without knowledge of all of the differences that exist between them. If our hypothesis concerning the stability of the intramolecular transposition derivative is correct, then we expect that this plasmid structure would dominate in the treatment facility. We are screening some of the other probe-positive isolates from the OCC collection to assess this possibility.
Attempts are being made to introduce bacterial strains and consortia with specific catabolic activities for bioremediation in various environments. Regulations dealing with microbial introductions are being developed in Canada, the United States, Europe, and elsewhere. The consensus of these regulations seems to be that any genetic modifications of these organisms should be stable, preferably involving irreversible integration of genes into chromosomal DNA. However, in the bioremediation field, this approach is contrary to what we can observe in organisms that have successfully adapted to organic contaminants. Plasmid-and transposonmediated gene transfer and rearrangements are known to be important for microbial adaptation to complex contaminant mixtures. To require that these adaptive processes not occur seems counterproductive.
